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Although it is generally recognized that chemoreception plays an important part 
in the orientation, feeding and reproductive activities of many aquatic animals 
(Jahn and Wulff, 1950; Walker and Hasler, 1949), these animals have been a 
perplexing group in developing concepts of the physiology of the chemical senses. 
At first it was even questioned whether presumed chemical sense organs of aquatic 
organisms could have any function at all, since they were surrounded by a fluid 
medium rather than a gaseous one (Nagel, 1894). Nagel's negative conclusion, 
based upon anthropomorphic considerations, has long been discredited by experi¬ 
ments indicating that many reactions of aquatic animals are mediated by receptors 
which he held to be functionless— e.g., the receptors in the olfactory pits and 
connected to the olfactory nerves (Parker and Sheldon, 1913; von Frisch, 1924). 

Matthes (1924), interested in adaptations of the sensory apparatus to different 
environments, then raised the question whether the same receptors could mediate 
reactions to chemical stimuli underwater and on land in the case of the animals 
which spent a portion of their life cycles in each environment. It was found that 
Triton no longer reacted to chemicals in either environment when the olfactory 
nerve was cut. The olfactory innervation was traced to the Jacobson’s organ 
(Matthes, 1927) and it was shown that the presumed receptors in the larval and 
adult animals were histologically very similar to those of other vertebrates. When 
it was discovered that a sheet of mucus, variable in quantity and distribution ac¬ 
cording to the physiological state of the animal, overlay the olfactory receptors 
(Murphy, 1931; Leasure, 1939) the logical assumption that chemical stimuli went 
into solution in the mucus layer abridged the usefulness of the previous observations 
on vertebrates for understanding what specializations, if any, of the receptors existed 
for functioning in gas and liquid phases. Schaller (1926) avoided this difficulty 
by studying amphibious beetles which have chemoreceptors on mouthparts accessible 
for ablation experiments, and which could be tested both underwater and with a 
dry cuticular surface in air. Conditioned reactions of Dytiscus to coumarin and 
synthetic musk, either underwater or in air, ceased after removal of the flagellar 
portion of the antennae and the maxillary palpi. Acid, salt, and sugar were 
similarly detected by receptors on the labial palpi and the inside of the mouth. It 
was concluded that different groups of receptors were specialized for perception of 
either of two types of chemical stimuli—those which are “odor-substances’’ for man 
(irrespective of physical state of the stimulus), or those compounds which are 

1 The author takes pleasure in acknowledging his indebtedness to Dr. V. G. Dethier of the 
Johns Hopkins University for the loan of some of the equipment used in this work, and for his 
critical reading of the manuscript. 
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“taste-substances” for man, with secondary specializations for perceiving particular 
modalities of taste substances, such as acid, salt, sugar, and bitter compounds, since 
these compounds are discriminated by Dytiscus. However, conflicting conclusions 
based upon experiments with the same and related species of insects were 
presented by Ritter (1936) and Bauer (1938). Although accepting Schaller’s 
main concept about the types of physiological specializations to be found in 
chemoreceptors, they did not agree on the location or morphology of the receptor 
groups sensitive to “odor-substances,” “taste-substances,” or the various modalities 
of the latter group. Ritter (1936) reported that the antennae of Hydrous com¬ 
pletely lacked chemoreceptors and that heliotropin and skatol stimulated receptors 
on the tips of the maxillary palpi; the receptors of the labial palpi were reported 
to be sensitive only to acid. Bauer (1938) failed to prevent reaction to non-acidic 
stimuli by removing the maxillary palpi. Nor was agreement reached on the 
morphological appearance of the variously located and specialized receptors. 

In a recent review, Dethier and Chadwick (1948) discussed possible sources 
of conflicting data in the experiments cited above (such as the lack of quantitative 
control of the stimulus) and have concluded that the relationship between the 
physical state of a chemical and its effect on chemoreceptors is unknown. They 
further conclude that this relationship should be explored not only to understand 
what specializations, if any, differentiate receptors functioning in gas and liquid 
phases and the sensitivity to various modalities of stimuli in each phase, but also 
to determine whether the same limiting mechanism operates in both phases. The 
aim of the present work is to determine, first of all, whether the same set of receptors 
mediates reactions to chemical stimuli administered in gas and liquid phases and 
whether different groups of receptors are specialized for perception of particular 
modalities of stimuli in either phase. The question of the fundamental limiting 
mechanism in each phase is later discussed. 

Materials and Methods 

The experimental animal was an amphibious beetle, Laccophilus maculosus 
Germar, chosen because of its dual air-water habitat, accessible mouthparts, and 
availability. It has been shown (Hodgson, 1951) that Laccophilus possesses much 
lower reaction thresholds to a wide variety of chemical stimuli than those reported 
for other insects. Since the relations between molecular structure, chemical 
properties, and relative stimulating effectiveness of compounds included in several 
series of organic and inorganic chemicals determined for Lciccophihts are es¬ 
sentially identical with the findings obtained in experiments with PJionnia (Dethier 
and Chadwick, 1948), Balanus (Cole and Allison, 1930) and other terrestrial and 
aquatic invertebrates, it was concluded that at least the limiting mechanisms of 
chemoreception in Laccophilus were not aberrant and might yield information of 
general significance. The beetles were collected at the Fish Hatcheries Experiment 
Station of the United States Fish and Wildlife Service at Leetown, West Virginia. 
They were obtained in large numbers both in shallow water of the fish rearing ponds 
and in dry grass near the ponds. The methods used for maintaining stocks of 
these animals have been previously described (Hodgson, 1951), Every precaution 
was taken to standardize feeding and handling of the beetles and after being once 
used in the experiments the beetles were discarded. 
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The technique for determining threshold concentrations of pure chemicals ad¬ 
ministered in the gas phase or in the liquid phase is essentially the same, although a 
different apparatus is required for each of the two types of test. The over-all pro¬ 
cedure is to apply moving, unmixed streams of air or water, containing known con¬ 
centrations of the chemical to be tested, to groups of beetles and determine the per¬ 
centage of beetles which react to the chemical by moving into the control area of the 
apparatus which is exposed to a moving stream of air or water identical in all re¬ 
spects except that the test compound is absent. Technical details of the construction 
and operation of the apparatus for determining threshold concentrations of chemi¬ 
cals in aqueous solution have been fully presented (Hodgson, 1951) and hence will 
not be repeated, since the method used here was identical. The apparatus for de¬ 
termining threshold concentrations of gases was a slight modification of the ol¬ 
factometer described in detail by Dethier and Yost (1952),, and used by these in¬ 
vestigators in experiments with the blowfly, Phormia. In brief summary of this 
method, animals to be tested are placed in a cage through which pass two streams of 
air, one containing a known concentration of the gaseous chemical being tested. 
Before the experiment, the animals are distributed randomly in the two halves of 
the cage exposed to the experimental and control streams of air. Those reacting to 
the gas being tested move to the control side of the cage. The percentage doing so 
is determined by photographs taken during the run. With Laccophilus , it was 
found that the best results were obtained using a smaller cage (4" X 2" X 3/8") 
than was used with Phormia. This narrow cage was placed horizontally in the 
apparatus so that the air stream passed through it from top to bottom, since Lac- 
cophilus did not climb the vertical walls of the cage as readily as did Phormia. 
Fifty unanesthetized beetles, completely dry on the external surface of the cuticle, 
were placed in the cage at one time. Since the number of beetles reacting is equal 
to the difference between the average number of beetles remaining on the experi¬ 
mental side of the cage and the average number originally on that side (about 25 
beetles), the formula used to obtain the percentage reaction to any particular con¬ 


centration was as follows: % reaction = 


25 - .r 
25 ' 


where .r is the number of beetles 


remaining on the exposed side of the cage. Aside from the slight modification of 
the test cage construction, this procedure was identical with that described by 
Dethier and Yost (1952), and their report may he consulted for technical details of 
the apparatus, sample calibration curves, etc. 

With either aqueous or gas phase tests, doubling concentrations of the chemical 
stimulus are administered. The percentage of beetles reacting at each concentra¬ 
tion is converted into probit units by the method of Bliss (1938). This conversion 
merely transforms the typical sigmoid dosage-reaction curve to a straight line, in 
which the 50% reaction point corresponds to a probit of 5. The direct relationship 
between the logarithm of the molar concentration of the stimulant and the percentage 
of beetles reacting is shown in Figure 1. The data used in this plot were selected 
simply because the thresholds in these two particular cases fell within a range con¬ 
venient to include on a single graph. From such a plot, the 50% reaction point 
(threshold) can be read directly. The standard error of the threshold is obtained 
by the method of Miller and Tainter (1944). The tabulated results presented be¬ 
low are derived from data on 69 individual beetles tested in three different runs in 
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the liquid phase, and from data on 150 individuals tested in three different runs in 
the case of the gas thresholds. This difference in numbers results from the different 
sized populations convenient to test in the different sized reaction chambers of the 
two types of apparatus. An analysis of the variance between reactions of the three 
different groups of beetles tested at each concentration of stimulus showed no sig¬ 
nificant difference between the reactions of the three groups in either phase and the 
data were therefore combined and treated as though derived from a single homo¬ 
geneous population. 

When beetles were to be operated upon, they were anesthetized with carbon 
dioxide and lifted onto clay blocks, having depressions into which the animals fit 
with their ventral sides uppermost. A broad rubber band around the block covered 
the posterior halves of the beetles and held them in position during the operations. 



REACTION PR OBITS 


Figure 1 . Relationship between percentage reaction and quantity of stimulating chemicals. 
Data in this plot obtained from experiments on unoperated beetles exposed to 1-pentanol in the 
vapor phase and HC1 in the aqueous phase. 


Watchmaker’s forceps and iridectomy scissors were used to grasp and remove 
whatever portions of the head appendages were desired. The point at which the 
appendages were severed when they were to be completely removed is indicated in 
Figure 2. Other operations were performed as noted blow. The effects of the 
anesthetic wore off within five minutes and the operated beetles seemed to have no 
difficulty swimming or flying. 

To restrict the investigation to a manageable size, the chemicals used were re¬ 
stricted to 1-pentanol, HC1, and NaCl. The first two compounds can be con¬ 
veniently worked with in the vapor phase and enough data on their thermodynamic 
and other properties exist to permit comparisons of possible mechanisms of action 
in the two phases. The latter two compounds represent classic modalities (acid 
and salt) of taste stimuli which were the source of the conflicting data cited in the 
introduction. It should be noted that although it would have been desirable to in¬ 
clude a sugar among the aqueous phase stimulating compounds, Laccopliilus does 
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indicate the positions near the base of each appendage where they were severed if they were to 
be entirely removed. 

not react to aqueous solutions of sucrose when tested by this method with the highest 
concentration it is possible to use in the apparatus and still maintain normal rates of 
flow (approximately one molar sucrose). 

Results 

1. The identity of receptors mediating reactions in the gas and liquid phases. 

(Threshold data are summarized and compared in Tables I and II.) 

Beetles were exposed to 1-pentanol and HC1 in both phases and thresholds de¬ 
termined for the normal (unoperated) animals. As noted above, data from three 
groups are treated as one homogeneous unit to derive each threshold value. The 
results are given in Table 1, Columns 1A and IB. Then the antennae were com¬ 
pletely removed from another series of animals and a similar run made in both 
phases (Table I, Columns 8A and 8B). Since it appeared that a complete loss of 
sensitivity to the gaseous stimuli, within the range of concentrations it was possible 
to test with the present apparatus, was suffered by beetles with antennae removed, it 
was not necessary to go on to other mouthparts in attempting to localize the re¬ 
ceptors mediating reactions to gases, and a more precise localization of the gas 
phase receptors on the antennae was sought. 
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After several preliminary experiments, it was found that the smallest area which 
it was possible to cut accurately from the distal ends of the antennae was one-half 
of the distal segment. When the extreme distal half segments of the antennae were 
removed from ISO beetles, the animals gave no reaction to either 0.0003 molar 
pentanol, or to 0.0002 molar HC1, administered as gases. These were the highest 
concentrations of these compounds which it was possible to administer with the olfac¬ 
tometer. Therefore, it was concluded that the chemoreceptors mediating reactions 
to gaseous stimuli are located on the distal halves of the distal segments of the 
antennae. * 


Table I 

Aqueous and vapor phase thresholds of Laccophilus 


Threshold (molar concentration evoking reaction from 50% of beetles) ± standard error. 
Appendages listed at top of columns indicate parts removed. 



1. Control 
(unoperated) 

2. MP 

LP 

3. MP 

LP 

*S-A 

4. A 

LP 

5. A 

LP 
jS —MP 

6. A 

MP 

7. A 

MP 

IS-LP 

8. 

A 

9. A 

MP 

LP 

A. Aqueous 
phase 
1-pentanol 

0.0019=t 

0.0003 

0.0015 i 
0.0007 

* 

0.0082 db 
0.0022 

* 

0.0076=t 

0.0010 

* 

0.0050 ± 
0.0007 

* 

HC1 

0.0014 ± 
0.0006 

0.0019=b 

0.0010 

* 

0.012d= 

0.005 

* 

0.0090=t 

0.0008 

* 

0.0073± 

0.0006 

* 

NaCl 

0.17 ± 

0.03 

0.18=b 

0.08 

* 

0.78± 

0.13 

* 

0.73± 

0.19 

* 

0.48=t 

0.09 

* 

B. Vapor 
phase 
1-pentanol 

0.00015 ± 
0.00008 

0.00027 ± 
0.00011 

— 

— 

— 

— 

— 

* 

— 

HC1 

0.00012 ± 
0.00003 

0.00014± 

0.00005 

— 

— 

— 

— 

— 

* 

— 


Abbreviations and symbols used: A, antennae; MI\ maxillary palpi; LP, labial palpi; S, 
distal segments; *, no reaction to highest concentration tested. 


To see if the same area was involved in mediating reactions to these chemicals 
in aqueous solution, the distal halves of the distal segments of the antennae were 
removed from 69 other beetles, previously deprived of palpi—which, it will be shown, 
bear other chemoreceptors—and these beetles exposed to pentanol and HC1 (Table 
I, Column 3A). These beetles no longer reacted, even to stimuli as concentrated 
as 0.1 molar pentanol and 0.5 molar HC1, which are, respectively, fifty and three 
hundred times as concentrated as would be necessary to stimulate 50 °/o of the un¬ 
operated animals. 

At first it was not known where the other receptors mediating reactions to chem¬ 
icals in the liquid phase were located. On the basis of Schaller’s experiments it 
was expected that they would be located on the palpi and in the mouth cavity. 
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Accordingly, the antennae and labial palpi were removed from a group of beetles, 
leaving only the maxillary palpi. The thresholds of this group were significantly 
higher than for the normal animals (Table I, Column 4A; Table II, Column 3). 
Removal of the distal half of the distal segment of the maxillary palpi in another 
group of beetles, previously deprived of antennae and labial palpi, abolished reactions 
to chemical stimuli at the highest concentrations mentioned above (Table I, Column 
5A). Hence, it was concluded that only the distal half-segments of the maxillary 
palpi bear chemoreceptors. Further operative subdivision of this segment was not 
technically possible. 

Next, the antennae and maxillary palpi were completely removed from a group 
of beetles, leaving the labial palpi. The threshold again increased significantly as 
compared with the normal animals (Table I, Column 6A; Table II, Column 4), but 


Table II 

Comparison of thresholds of receptor groups in Laccophilus 


Receptor areas or operative conditions being compared. The upper figure of each set is the 
difference in molar threshold, and the lower figure the standard error of the difference 


Compound 



1. Normal; 
minus A 

2. Normal; 
A 

3. Normal; 
MP 

4. Normal; 
LP 

5. MP; 
MP+LP 

6. LP; 
MP+LP 

7. LP; 
MP 

8. Normal; 

A (gas phase) 

1-pentanol 

0.0031 

0.0005 

0.0063 

0.0057 

0.0032 

0.0026 

0.0006 

0.00012 


0.00095 

* 

0.0011 

0.0022 

* 

0.00105 

* 

0.0023 

0.0013 

0.0024 

0.0080 

HC1 

0.0059 

0.0005 

0.0096 

0.0076 

0.0057 

0.0017 

0.003 

0.00002 


0.00085 

* 

0.0012 

0.005 

* 

0.0010 

* 

0.0050 

0.0010 

0.0051 

0.000044 

NaCI 

0.31 

0.01 

0.61 

0.56 

0.30 

0.25 

0.05 

— 


0.095 

* 

0.085 

0.13 

* 

0.19 

* 

0.16 

0.21 

0.23 



An asterisk indicates a significant difference (more than twice the standard error of the differ¬ 
ence) between thresholds. Abbreviations as in Table I. Based on tests in aqueous phase except 
as otherwise noted. 


did not differ significantly from the threshold of the receptors on the maxillary 
palpi alone (Table II, Column 7), or from the threshold of the combined maxillary 
and labial palpi (Table II, Column 6). Removal of the distal segments of the 
labial palpi from a group of beetles previously deprived of their antennae and maxil¬ 
lary palpi abolished all reaction to the highest concentrations of chemical stimuli 
tested (Table I, Column 7A). In the case of the labial palpi, too, the chemorecep¬ 
tors must be on the distal segment, although the small size of this segment precluded 
any further localization by ablation techniques. 

The comparisons presented in Table II show that the only significant changes 
in threshold occur when the antennae of the beetles are removed, regardless of the 
phase in which the stimulus is administered. The high concentrations to which 
the “refractory” beetles were exposed without obtaining any reaction make it ex¬ 
tremely improbable that the beetles ever employ chemoreceptors within the buccal 
cavity or elsewhere on the body in these experiments. 
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2. The specificity of the cliemoreceptor groups 

From the data already presented, it appears unlikely that any one appendage 
bears chemoreceptors sensitive to only one particular modality of stimulus, as sug¬ 
gested by Ritter (1936). As additional evidence on this point, the aqueous phase 
thresholds of the antennae and palpi to NaCl were determined and the results are 
included at appropriate places in Table I. It is clear that the receptor area most 
sensitive to HC1 and pentanol (distal tip of the antennae) is also the most sensi¬ 
tive to NaCl, and that the palpi are again of approximately equal sensitivity, as was 
the case with the alcohol and acid. When the tips of the antennae were removed 
from animals previously deprived of palpi, the beetles gave no reaction to 1.5 molar 
NaCl, the highest concentration tested. The question of specialization of various 
receptors within a single group or area is considered in the discussion. 

3. Structure of the chemoreceptors 

On the basis of evidence thus far presented, it is clear that the chemoreceptors 
must be located within the distal halves of the distal segments of the antennae, maxil¬ 
lary palpi, and labial palpi. The greater sensitivity of the antennae in both phases 
suggests that some difference might exist either in the morphological characteristics 
of the receptors on the antennae and palpi or that the number of receptors might be 
greater on the antennae. A morphological study of the antennae and palpi was 
made to discover if any such specializations of structure or number of receptors were 
apparent. Some of the appendages removed from the operated animals were used 
for this purpose, and some parts were removed especially for this purpose so that 
their orientation on the slides could be checked. 

The antennae and palpi were placed in a drop of Clarite on a microscope slide 
and the slide placed in a vacuum chamber. A fifteen-pound vacuum was sustained 
in the chamber for twenty minutes. This removed any air bubbles formed within the 
cut end of the material to be observed. After cover slips were in place, the whole- 
mounts were observed with magnifications up to 1300 X. Camera lucida drawings 
of the distal segment, or portions thereof, from the antennae and palpi are shown in 
Figure 3. All the parts are drawn as they would be seen from the ventral side when 
the orientation corresponds to that shown in Figure 2. Since, in the living beetles, 
these appendages are usually waving around vigorously, this manner of orientation 
may be clearer than trying to orient their surfaces with reference only to the dorsal 
and ventral aspects of the beetle’s body. The magnification scale for A and B is 
given in the upper left of the figure and the scale for C in the upper right. The en¬ 
tire distal segments of the palpi are shown, and the remainder of the distal antennal 
segment lacked other receptors. 

The key to the presumed sense organs, following the classification of Snodgrass 
(1935), is as follows: 1-sensilla chaetica; 2-sensilla basiconica; 3-sensilla coelo- 
conica; 4-sensilla placoidea. The sensilla basiconica of the palpi are the same in 
appearance as those on the antennae, although it was necessary to represent them 
diagrammatically on this drawing because of their numbers, which are at least 
several hundred on each palpus. Snodgrass describes the sensilla basiconica as 
probable chemoreceptors, but little experimental evidence on this point is available. 
Perhaps the most pertinent evidence is that of Roth and W illis (1951) which strongly 
indicates that the sensilla basiconica are hvgroreceptors in Triholium . It will be 
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noted that the arrangement of receptors in Laccophilus makes it practically certain 
that the sensilla basiconica are the chemoreceptors with which the present experi¬ 
ments are concerned. The only other morphologically distinguishable receptors 
found in all three of the receptor-bearing areas are the sensilla chaetica and other 
evidence, as noted helow, makes their importance in chemoreception very highly im¬ 
probable. For example, the sensilla chaetica were found on the other flagellar seg¬ 
ments of the antennae and were morphologically and numerically identical on the 
other segments to those on the distal segment, as well as occupying similar positions 
on the segments. The same is true for the coeloconic sensillum which is also 



Figure 3. Receptors on antennae and palpi. A — distal segment of labial palp; B —distal 
segment of maxillary palp; C—a portion of the distal segment of an antenna. Key to receptor 
types and additional explanation in text. 

present on other flagellar segments of the antennae. Hence, if receptors other than 
the sensilla hasiconica were chemoreceptors on the antennae, it would be necessary 
to assume that similar morphological types of receptors situated in corresponding 
positions on other antennal receptors were functioning in some entirely different 
manner. This hypothesis is rejected in favor of the simpler alternative— i.e., that 
the sensilla basiconica of the antennae are chemoreceptors, and that the other re¬ 
ceptor types which are also present elsewhere are not chemoreceptors. The evi¬ 
dence with regard to the palpi is more equivocal. Sensilla chaetica are more abun¬ 
dant (by a factor of four) on the proximal segment of the labial palpi than on the 
distal segment, and are at least as abundant on the two basal segments of the maxillary 
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palpi as on the distal segment. Hence, it is unlikely that they are chemoreceptors. 
The sensilla placoidea are also possible chemoreceptors on the palpi. However, 
since only one of these organs is present on the distal segment of the labial palpi, 
it seems unlikely that it alone would be responsible for all the sensitivity of the 
labial palpi to chemicals. In the case of the maxillary palpi, where the placoid 
organs circle the distal segment, the placoid organs may be chemoreceptors. 

It may be concluded that the sensilla basiconica are the chemoreceptors on 
the antennae and the receptors chiefly responsible for the sensitivity of this species 
to gaseous and liquid stimuli. There is also evidence that sensilla basiconica arc 
chemoreceptors on the palpi. It is surprising that the most sensitive region con¬ 
tains the smallest number of sensilla basiconica (tips of antennae) compared to 
other regions where these receptors are found. The significance of this will be con¬ 
sidered in the discussion. 


Discussion 

Three points merit amplification before drawing final conclusions from this 
study. The first of these is an assumption which underlies the experiments. This 
is the assumption that measurements based upon reactions of an entire animal may 
be used to understand the sensitivity of the animal’s receptors. The possibilities 
for error in making this assumption are probably more obvious than the evidence 
of its soundness. In the first place, we might expect the assumption to be valid in 
view of the generalization from comparative psychology that the correlation be¬ 
tween structure of the nervous system and behavior of animals becomes clearer as 
one considers experimental material along phyletic lines from mammals down 
through the invertebrates (Schneirla, 1952). More pertinent in this particular case 
is the group of observations already existing on insect chemoreception which shows 
excellent correlations between known physical and chemical properties of the stimu¬ 
lating compounds and the thresholds for reaction to them (Dethier and Chadwick, 
1948). If unknown factors in the nervous systems of the experimental animals 
were entering into the picture, one would expect that no such clear correlations 
would be obtained, for they would be obscured by factors within the nervous system 
modifying the consistent relation between properties of the stimulus applied and 
the animal’s reaction to them. 

There is no doubt that electrical measurement of nerve impulses from the 
chemoreceptors would be the method of choice for use on invertebrates as well as 
vertebrates, but thus far this has been either technically impossible ( Jahn and Wulff, 
1950) or limited to detection of narcotic effects which are not specific effects of the 
stimulating chemicals on chemoreceptors (Hodgson and Roys, unpublished). It 
is hoped that eventually it will also be technically possible to limit chemoreception 
studies to a single receptor cell, but in the meantime much of interest may come to 
light while working toward that end. 

In view of the finding that a very small group of antennal receptors mediates 
reactions to different modalities of chemicals in either gas or liquid phases, it seems 
logical to next inquire why the receptors on the palpi were not observed to mediate 
reactions in both phases, since they were sensitive to all three test compounds in the 
aqueous phase. This discrepancy is resolved by the observation that the thresholds 
of the palpi are significantly higher than those of the antennae and are, in fact, 
higher than the concentrations of chemicals which it is possible to accurately ad- 
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minister with the present olfactometer, which reaches its upper limit of concentra¬ 
tions at about one doubling concentration higher than the threshold of these beetles 
to either pentanol or HC1 vapors. Although it is theoretically quite conceivable that 
some reactions might be obtained by exposing the receptors on the palpi to very 
concentrated gases, it seems quite certain that in nature the high thresholds of the 
palpi would prohibit their participation in mediating reactions of the animals to 
gaseous stimuli. 

The difference in threshold obtained when the antennal receptors were tested 
in gas and liquid phases is, however, of some interest with regard to possible limiting 
mechanisms in each phase. If the same factor limits the effectiveness of one chemi¬ 
cal in stimulating chemoreceptors in two phases, then it should be possible to bring 
the differences in thresholds into agreement by correcting for the difference in that 
factor in the two phases. Since some of the information now available on chemore- 
ception suggests that the process is characterized by the establishment of an equi¬ 
librium between the concentration of stimulant at the basic site of action and the 
concentration of stimulant in the phase external to the organism (Dethier and 
Yost, 1952), it was thought that the limiting factor determining the thresholds in 
the two phases might be establishment of such an equilibrium. If this were true, 
the thermodynamic activity of the stimulant, suitably defined, should have the same 
numerical value in both phases (Ferguson and Pirie, 1948). On the basis of the 
present experiments, it is possible to make four such comparisons between thermo¬ 
dynamic activities of stimuli at threshold concentrations in aqueous and vapor phases. 
These values were calculated for pentanol and HC1 at threshold concentrations for 
unoperated beetles, and for beetles with the palpi removed, according to the methods 
of Ferguson and Pirie (1948), and Brink and Posternak (1948). Since the 
thermodynamic activities at threshold were not even of the same order of magnitude 
when data from similarly treated beetles in the two phases were compared, this 
approach will not be elaborated upon here. 

The essential point is that either chemoreception does not depend upon the es¬ 
tablishment of an equilibrium in the two phases or else some behavioral difference 
in the testing methods used in the two phases masks the identity of the fundamental 
mechanisms. In this connection it is interesting to note that Dethier and Yost 
(1952) found that alcohols of intermediate chain length when stimulating blowflies 
as gases obeyed the law of equal effect at equal thermodynamic activity; however, 
this principle did not hold when the tarsal receptors of the blowfly are stimulated 
by alcohols, although here, too, the behavioral criteria might be involved in the 
discrepancy. 

Finally, the bearing that these findings have on the concepts of olfaction, gusta¬ 
tion, and sensory modalities should be mentioned. It must be conceded that clas¬ 
sifying stimuli as odor-substances or taste-substances is simply making a difficult 
problem more obscure and is a practice which should be abandoned. In view of 
the present results, the advisability of making a distinction between olfactory and 
gustatory receptors on the basis of the physical state of the stimulus to which they 
are sensitive could be similarly misleading, since a very restricted group of re¬ 
ceptors of the same morphological type can mediate reactions to both gaseous and 
liquid stimuli. It is remarkable that the smallest number of sensilla basiconica is 
on the region most sensitive to chemicals and a much larger number on the palpi 
which are relatively insensitive. This indicates that the sensitivity of the antennal 
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receptors is the result of some specialization of the receptor cells themselves rather 
than simply the result of a great many receptors summing nerve impulses as is 
sometimes advanced by way of an explanation for the greater sensitivity of olfac¬ 
tion as compared with gustation (Moncrieff, 1944). 

There is no evidence in these data for the existence of topographically separated 
receptors sensitive only to particular modalities of stimuli as was concluded by 
Ritter (1936). It is possible that the apparent specificity of the receptors on the 
labial palpi for acids resulted from having the concentrations of salt and non-acid 
stimuli below threshold, while the acid happened to be above the threshold of the 
receptors on the labial palpi. This particular point is more relevant to understand¬ 
ing chemoreception in insects than to concepts about the chemical senses in general, 
since it merely indicates that the sense organs of insects have not evolved the same 
types of specializations as those found in mammals. Of course it cannot be as¬ 
sumed that different sensilla within a particular group necessarily have identical 
physiological functions and thresholds, any more than it could be assumed, for ex¬ 
ample, that different sensilla with cuticle of similar thickness have the same per¬ 
meability properties (Richards, 1952). Such a condition would be, however, 
quite different from the grouping of specialized receptors suggested by Ritter (1936). 
This leaves the problem of the existence of modalities among chemicals stimulating 
for insects, and especially the basis of their discrimination by the animal, in a very 
unsatisfactory state. If different classes of chemicals do not activate different re¬ 
ceptors, how are they discriminated as classes of stimuli ? One wonders how many 
such classes of compounds might be found in a systematic experimental survey not 
organized around the classic modalities of taste stimuli for humans. Much addi¬ 
tional evidence on this point is needed, but the suggestion by Frings (1946) that 
the modalities represent only points in a continuous spectrum of taste sensations 
related to some surface-active property of the chemicals might offer a less anthro¬ 
pomorphic approach for experimentation than some of those used in the past. 

Summary 

1. Quantitatively controlled stimuli were administered to populations of an 
amphibious beetle, Laccophilus maculosus Germar, to determine whether the same 
chemoreceptors are sensitive to gaseous and liquid stimuli, and to discover quali¬ 
tative or quantitative specializations in the function of different receptor groups. 

2. Sensilla basiconica on the tips of the antennae are the principal chemorecep¬ 
tors for both gaseous and liquid stimuli. The lower threshold of antennal receptors, 
relative to receptors elsewhere on the animals, is not due to a larger number of sen¬ 
silla on the antennae and indicates an inherent specialization of the receptors them¬ 
selves. 

3. Morphological and experimental evidence strongly indicates that the sensilla 
basiconica on the tips of the maxillary and labial palpi also function as chemorecep¬ 
tors for stimuli in solution, although their thresholds are higher than those of an¬ 
tennal receptors. The concentration of gases could not be raised to a level ade¬ 
quate for stimulation of receptors on the palpi and they must play little or no part 
in mediating reactions of the animals in air. 

4. HC1, 1-pentanol, and NaCl all stimulated receptor areas on the tips of the 
antennae and palpi, and no evidence was found for specialization of any morphologi¬ 
cally or topographically distinguishable receptor groups sensitive to only a particular 
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modality of stimulus. Chemoreceptors were not found on parts of the body other 
than the antennae and palpi. 

5. The findings are discussed with reference to possible identity of fundamental 
mechanisms limiting the effectiveness of chemical stimuli in the two physical states, 
and general concepts of olfaction and gustation. 
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